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ABSTRACT: Anionic−anionic (N−N, P−P, N−P, and C−S) mediated coupling
can be introduced in the layered perovskite La2Ti2O7 structure for visible light
photocatalysis. The anionic−anionic codoped La2Ti2O7 systems lower the band gap
much more than their respective monodoping systems. Moreover, the electronic
band positions of the doped systems with respect to the water oxidation/reduction
potentials show that codoped (N−N, N−P, and C−S) systems are more promising
candidates for visible-light photocatalysis. The calculated defect formation energy
shows that the codoped systems are more stable than their respective monodoped
systems.
1. INTRODUCTION
Limited fossil fuel based energy and the related environmental
effects are the biggest concern of this century. Therefore the
biggest challenge is to find a source of energy which is clean,
sustainable, and renewable. Hydrogen is reported to be the one
of such promising alternatives that is clean and renewable.
Hence the hydrogen production should be clean, and
photocatalysis of water is the cleanest and safest way to
produce hydrogen.1−3 For effective utilization of solar energy,
the photocatalyst must meet some important criteria. First of
all, the photocatalyst should have an optimal band gap of ∼2 eV
for the effective utilization of visible solar light. Moreover, the
conduction band edge position of the semiconductor must be
located at a more negative potential than the hydrogen
reduction potential (H+/H2) and the top of the valence band
edge must be positioned more positively than the water
oxidation potential (H2O/O2). The H2 and O2 evolution
generally occurs on the photocatalyst surface. Therefore, the
kinetics of the H2 and O2 evolution depends lot on the surface
area of the photocatalyst. Therefore, the larger the surface area,
the higher the activities. The kinetics of the H2 and O2
evolution even depends on the oxidizing (the difference
between the valence band maximum and water oxidation
potential) and the reducing power (the difference between the
conduction band minimum and the hydrogen reduction
potential) of the photocatalyst. Another important structural
requirement is that the H2 and O2 evolution sites should be far
from each other so that they (H2 and O2) do not have any
chance of reacting back to produce water.4 Hence, the layered
structure materials have attracted much attention due to their
layered structures which separate out the H2 and O2 evolution







9 show high photocatalytic activity under ultraviolet
(UV) light. Among of all of these layered perovskites, La2Ti2O7
has received much attention because of its high photocatalytic
activity and hyper valency of the La atom constructing the
layered perovskite structure.10−12 However, the band gap of
La2Ti2O7 (3.8 eV) is still high enough to absorb the visible
region of solar light. Therefore band gap engineering might be a
promising strategy for this compound to be visible light active
photocatalyst.
Doping of a foreign element (cationic or anionic) into a wide
band gap semiconductor is a promising strategy for reducing
their band gap. Hwang et al. showed12,13 that Fe3+ and Cr3+
doped La2Ti2O7 show visible light photocatalytic activity but
their photocatalytic activities are far lower than the UV light
activities in terms of H2 evolution rate. This is because such
transition metal doping brings the partially filled 3d band of the
metal in the band gap that reduces the band gap significantly,
but such impurity states appearing in the band gap act as an
electron−hole recombination center which reduces the photo-
catalytic efficiencies. Even though, the cationic/anionic
monodoping reduces the band gap considerably but such
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doping has some limitations.14 First of all, the desirable dopants
may have only limited solubility or have sufficient solubility but
produces deep donor/acceptor levels and monodoping
associates with the spontaneous formation of compensating
defects. To overcome such limitations, codoping is a promising
strategy.15−17 It was firmly believed that two anionic dopants
will repel each other and hence reduce the overall stability but
recently Yin et al.18 showed that the holes mediated coupling
between the anionic dopants not only reduces the band gap
significantly but also improves their overall stability.19
In this work, we use the flat band potential to estimate the
band position of semiconductor4,8 which is defined as potential
at which there is no band bending in semiconductor. The flat
band potential of La2Ti2O7 measured by Scaife
20 is −0.43 eV
(vs NHE). Thus, the bottom of the conduction band level and
the top of the valence band potential of La2Ti2O7 are estimated
to be −0.43 and 3.37 eV, respectively. The conduction band
position of La2Ti2O7 is good enough with respect to the
hydrogen reduction potential, but its valence band position is
deep enough with respect to the water oxidation potential. So it
is important to move the valence band edge (VBE) upward for
the effective utilization of visible solar light. Therefore we
choose to dope the anionic O-site of La2Ti2O7 with elements
(C, N, P, or S) which have higher p-orbital energies than the
oxygen so that the valence band edge can be pushed upward.
Moreover such doping will either increase or decrease the total
number of electrons to the system which will certainly have
some effect toward the electronic structure and band edge
position of La2Ti2O7. For this we have done the spin polarized
calculations. The effect of anionic codoping is studied to see if
any anionic mediated coupling could be introduced to improve
their visible light photocatalytic activity. Hence, we have
investigated the anionic (N−N, N−P, P−P, and C−S) codoped
La2Ti2O7 systems for introducing the anionic mediated hole−
hole coupling. We have also studied the relative stability of
codoped systems with respect to their monodoped La2Ti2O7 by
calculating their relative binding energies.
2. COMPUTATIONAL DETAILS
The first-principle calculations were performed using projected
augmented wave (PAW) method,21 as implemented in the
Vienna ab initio simulation package (VASP).22−24 The
exchange-correlation interaction was treated in the level of
the GGA using Perdew−Burke−Ernzerhof (GGA-PBE).25 The
Brillion zone was integrated using Monkhorst−Pack generated
sets of k-points.26 The calculations for electronic structures
were performed using the Heyd−Scuseria−Ernzerhof (HSE06)
hydride functional.27,28 The exchange-correlation contribution
employed in the HSE06 functional is divided into short- and
long-range parts; Hartree−Fock (HF) is mixed with PBE
exchange-correlation in the short-ranged part. To avoid the
expensive calculation of long-range HF, as well as enabling
hybrid DFT calculations on metal elements for which
conventional Hartree−Fock or global hybrid calculations are
intractable, this term is replaced by long-range PBE exchange-
correlation.












k-point mesh 3 × 5 × 1 was found to be sufficient to reach
convergence for PBE calculations and 2 × 3 × 1 for the HSE06
calculations. In all calculations, the tolerance for energy
convergence was set to 10−5 eV. A plane-wave cutoff energy
of 500 eV is used for the PBE and HSE06 method. The PAW
potentials with the valence states 6s and 5d for La; 4s and 3d
for Ti; 2s and 2p for O, N, and C; 3s and 3p for P. For doping
cases, a 1 × 1 × 2 supercell with 88 atoms was used, where
dopant complexes are substituting on the O site or Ti site. The
absorption curves can be obtained from the imaginary part of
the dielectric constant using DFT calculation.29
3. RESULTS AND DISCUSSION
3.1. Pristine La2Ti2O7. La2Ti2O7 possesses layered perov-
skite structure with monoclinic space group of P21 in room
temperature. The GGA-PBE calculated lattice parameters of
La2Ti2O7 are a = 7.7992 Å, b = 5.5952 Å, and c = 13.2511 Å
which are close to the experimental values of a = 7.8121 Å, b =
5.5440 Å, and c = 13.010 Å respectively.30 Figure 1a shows the
optimized crystal structure of layered perovskite La2Ti2O7 with
TiO6 octahedra. The calculated band gap using the GGA-PBE
method is 2.93 eV, which is lower than the experimental value
of 3.8 eV but it is a well-known fact that DFT generally
underestimates the band gap for metal oxides.31 Therefore, we
have used hybrid functional HSE06 method to calculate the
band gap of pristine La2Ti2O7 and the calculated band gap
(3.86 eV) is very close to the experimental value of 3.8 eV.32
Thus from here on, we have always used HSE06 method for
the electronic structure calculations.
The electronic structure of pure La2Ti2O7 with the total and
partial density of states are plotted and presented in Figure 2. It
is observed that VBM is mainly dominated by the O 2p and La
4f states whereas CBM is mainly contributed by the Ti 3d
states. The band position alignment (Figure 1) is done with
respect to the water oxidation/reduction potential and it shows
the valence band edge is deep enough (by 2.14 eV) with
respect to the water oxidation potential. Figure 2 shows that the
valence bad edge is mainly contributed by the anionic O 2p
orbitals; therefore, anionic doping is considered for our detailed
study. Thus, in the following sections, we discuss how the
Figure 1. (a) Crystal structure of bulk pristine La2Ti2O7 with TiO6
octahedra: La, Ti, and O atoms are represented by green, blue, and red
spheres, respectively, and (b) band edge alignment of pure La2Ti2O7 is
presented with respect to the water redox potentials.
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mono and co-anionic doping study can tune the VBM position
to improve their visible light photocatalytic activities.
3.2. Monodoping in La2Ti2O7. In case of mono doping
study, one of the O atoms in the 1 × 1 × 2 super cell of
La2Ti2O7 is replaced by an anionic dopant (N, S, P, and C),
which corresponds to the doping concentration of 1.6%. First,
we have calculated the most stable site for each of the anionic
(S, N, P, and C) dopants by comparing their relative energetics.
Then we have investigated the effect of anionic monodoping on
the electronic structure of La2Ti2O7. We have calculated the
total magnetic moment of S-doped La2Ti2O7 system which is 0.
This is because S is isoelectronic to O atom therefore the total
number of electrons remain same in case of S doped La2Ti2O7
system. We have presented the density of states of S-doped
La2Ti2O7 in Figure 3a. Because of the S 3p orbitals, the VBM
edge of S-doped La2Ti2O7 is moved upward by 0.32 and the
CBM remains unchanged. Therefore, the effective band gap of
S-doped La2Ti2O7 is reduced to 3.54 eV. The reason is that the
sulfur 3p orbitals’ energy is 2.2 eV higher than the oxygen 2p
orbitals;33 thus, the sulfur 3p orbitals are appearing just above
the VBM edge. After doping S atoms in La2Ti2O7, a clean and
narrow band gap is obtained. However, the band gap reduction
is not good enough for the visible light photocatalysis.
Therefore we wanted to dope with other anionic elements
that are not isoelectronic to O atom and has higher p-orbital
energy than the O 2p orbitals. For this, first we have considered
N doping in the La2Ti2O7. The spin polarization calculation is
done on N-doped La2Ti2O7 and it gives a total magnetic
moment of +1.0 μB, which is mainly contributed by the N
(+0.67 μB) atom. In the N doped La2Ti2O7, the N 2p creates
some fully filled states below the Fermi level and some
unoccupied empty states above the Fermi level (Figure 3b).
Therefore, after N doping, the effective band gap of La2Ti2O7 is
reduced to 1.79 eV, which is an ideal band gap for visible light
photocatalysis. The donor/acceptors states appearing in the
band gap are mainly contributed by the N 2p and O 2p
orbitals.33 N-doping La2Ti2O7 shows p-type conductivity as the
Fermi level shifted closer to the valence band edge. However p-
type conductivity in the wide band gap metal oxide semi-
conductor is very unusual as the acceptor states appearing
above the Fermi levels are thermodynamically unstable.34 The
band edge alignment for the N-doped La2Ti2O7 is done (Figure
4) with respect to the water oxidation/reduction potential. Our
results show that, even though such doping reduces the band
gap significantly, the impurity states appearing in the band gap
might act as an electron−hole recombination center, which will
definitely suppress the photocatalytic activities.
Since P has one less valence electron than O, the substitution
of P on the O site will also act as a single acceptor for P doping
La2Ti2O7. The P-doping La2Ti2O7 gives a total magnetic
moment of 1.0 μB where the maximum (0.51 μB) contribution
comes from the P atom itself. The DOS of P-doped La2Ti2O7 is
presented in Figure 3c. It shows that fully occupied/unoccupied
states are appearing in the band gap which is very similar to the
P monodoping on TiO2.
19 It is because of the strong
interactions between the P and nearby O atoms, which split
the 2p orbitals electrons into donor levels closer to the VBM
and acceptor states above the Fermi level. Therefore, after P
doping, the effective band gap of La2Ti2O7 is reduced to 1.16
Figure 2. Calculated total and partial density of states of pristine
La2Ti2O7 using the HSE06 functional. The vertical dashed line
represents the Fermi level.
Figure 3. Calculated DOS and PDOS of (a) sulfur, (b) nitrogen, (c)
phosphorus, and (d) carbon doped La2Ti2O7 systems using HSE06
functional. The vertical dash line indicates the Fermi level.
Figure 4. Electronic band edge positions with respect to the water
reduction and oxidation potential levels for the pure and doped
La2Ti2O7 systems. Red represents the CBM, and blue represents the
VBM.
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eV (Table 1), but their band position alignment shows (Figure
4) that the conduction band position is more positive than the
water reduction potential level that is thermodynamically
unfavorable for hydrogen evolutions.
Since the energies of C 2p are much higher than the S 2p, O
2p, and N 2p orbitals but lower than the P 3p orbitals, C
dopants might be a more suitable dopant than the others.
Moreover it has two less valence electrons than the oxygen.
Therefore, the calculated magnetic moment of C-doped
La2Ti2O7 is +1.99 μB where the maximum contribution (1.29
μB) comes from the C atom. The total and partial DOS of C
doped La2Ti2O7 are presented in Figure 3d. Here, we can see
that the occupied C 2p (spin-up and spin-down) and
unoccupied C 2p (spin-down) states are located below and
above the Fermi level, respectively. For this, the effective band
gap of C doped La2Ti2O7 is reduced to 1.97 eV. Though the
valence band position is good enough for the water oxidation
reaction, the conduction band position is too close to the water
reduction potential level which is not good for hydrogen
reduction reaction (Figure 4).
3.3. Codoping in La2Ti2O7. Generally mono anionic
doping creates impurity states in the band gap (Figure 3)
that might act as a electron−hole recombination center.
Moreover, monodoping associates with the spontaneous
formation of charge compensating defects in the system
which can destabilize the system. In order to remove such
unwanted impurity states, codoping is a very promising
strategy. Here we choose to do anionic codoping at the two
O atom sites, which are very close to each other.
We did not consider the codoping between C−C and S−S
since such codoped systems are not reported to be suitable for
visible light photocatalysis.35 The relative binding energies of
the codoping systems are calculated with respect to their
monodoped systems using the following equation:18,36
Δ = + − + −E E X E Y E X Y E( ) ( ) ( ) (La Ti O )b 0 0 0 0 2 2 7
(2)
where E(La2Ti2O7), E(X0), E(Y0), and E(X0 + Y0) are the total
energies of pure, two different dopants (C, N, P, or S), and
codoped systems, respectively. So the positive binding energy
means the strong coupling. The relative binding energies of the
codoped systems are listed in Table 1.
In the case of N−N homodoping, the dopant complex will
have two net holes in the codoping La2Ti2O7. The total and
partial DOS of N−N codoped La2Ti2O7 are presented in Figure
5a. In the relaxed structure of N−N codoped La2Ti2O7, we find
that the distance between the two doped N atoms (2.86 Å) are
far (Table 1) from the standard N−N single bond distance of
1.45 Å in hydrazine (NH2−NH2).37 Therefore we can clearly
say that the anionic−anionic coupling is not happening
between the doped N atoms. The total magnetic moment for
N−N codoping La2Ti2O7 is +1.45 μB, in which two N atoms
are mainly contributing with 0.59 and 0.60 μB, respectively.
From Figure 5a, we can see there are some unoccupied states
appearing above the Fermi level. This is because the anionic
mediate coupling is not happening by the N−N homodoping
which generally stabilizes such unoccupied impurity states
appearing in the band gap.18,38 But such impurity states
appearing in the band gap reduces the effective band gap of
3.86 to 1.60 eV. To verify the analysis of density of states, we
plot the isosurface of the valence band maximum (VBM) and
the conduction band minimum (CBM) of homo- doping
La2Ti2O7 in Figure 6. For (N,N) codoping, the VBM is
composed of N 2p orbitals and O 2p orbitals while the CBM is
contributed by N 2p orbitals, O 2p orbitals, and Ti 3d orbitals.
Those results are in agreement with the DOS analysis (Figure
5a). The calculated binding energy for (N, N) doped La2Ti2O7
is −0.01 eV (Table 1), which shows that N−N homodoping is
not favorable over the N monodoped system.
The P−P homodoping in La2Ti2O7 is very much similar to
the N−N homodoping case, as in both cases it brings two net
holes to the system. To understand the net effect of the holes,
we have plotted the total and partial DOS in Figure 5b. Since
the P 3p orbital has higher energy than O 2p, the valence band
edge (Figure 5b) is shifted upward significantly (2.05 eV).
From Figure 6c,d, it is clear that the VBM and CBM are mainly
Table 1. Binding Energies (Eb) of Codoping and Band Gaps













S 3.54 +0.32 +0.00
N 1.79 +0.61 −1.46
P 1.16 +1.51 −1.17
C 1.97 +1.23 −0.62
C−S 0.46 1.80 1.71 +2.04 −0.07
N−N −0.01 2.86 1.60 +0.72 −1.64
N−P 0.28 1.75 1.46 +2.26 −0.1
P−P 0.51 2.26 1.35 +2.05 −0.42
aThe respective values are calculated using two different functional
(PBE and HSE06), and the shifting of VBM and CBM is tabulated for
monodoping and co-doping systems.
Figure 5. Calculated total and partial DOS of coanionic (a) N−N and
(b) P−P doped La2Ti2O7. The vertical dash line indicates the Fermi
level.
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composed of the 3p states of the P atoms. Unlike in
monodoping, the codoping system gives a clean band gap of
1.35 eV, which would certainly reduce the recombination losses
and enhance the photocatalytic activities. The valence band
edge position for P−P homodoped (Figure 3) system is good
in comparison to the P monodoped system for the water
oxidation reaction. Moreover, the relative binding energy of
0.51 eV, reflects the strong coupling between the two P atoms.
Thus such hole mediated coupling will be very effective in
comparison to their respective monodoping as coupling
removes the unoccupied empty states appearing on monodop-
ing.
The (N−P) doped system adds two net holes to the
La2Ti2O7 system where one comes from the N atom and the
other one from the P atom. The total and partial density states
of the anionic N−P heterogeneous codoping system are plotted
in Figure 7a. It shows that the fully filled states are appearing
just above the valence band edge, therefore narrowing the band
gap to 1.46 eV. For (N−P) codoping, the distance between the
N and P atoms is 1.86 Å, much shorter than the two O atom
distance (2.89 Å) of the parent system (La2Ti2O7). Therefore it
shows strong coupling between the N 2p and P 3p orbitals. We
have plotted the charge density of the VBM and the CBM of
heterogeneous codoped La2Ti2O7 system in Figure 8. The
strong couplings between the N and P atoms cause the VBM
contributed by N 2p and P 3p hybrid orbitals. The CBM of
(N,P) codoped La2Ti2O7 are composed by neighboring Ti 3d
orbitals which is also shown in the density of state analysis. The
valence band edge position of N−P codoped La2Ti2O7 systems
is slightly higher than the water oxidation reaction level, while
the conduction band edge is very good for water reduction
reaction level.
For the C−S codoping, the dopant C will add two holes to
the system. The total and partial density of states of C−S doped
La2Ti2O7 are plotted in Figure 7b, which show that fully filled
states are generated above the VBM, reducing the band gap to
1.71 eV. From Figure 8c,d, the VBM is composed of C 2p and
S 2p orbitals and the CBM is contributed by Ti 3d orbitals.
Those results also are in agreement with the conclusion we get
from the DOS analysis of (C, S) codoped La2Ti2O7 (Figure
7b). The coupling process between C and S atoms in La2Ti2O7
causes the valence band edge shifted upward significantly by
2.04 eV which is similar with Yin’s research on TiO2.
18 The
alignment of C−S codoped La2Ti2O7 is present in Figure 3,
which indicates it is good for visible light photocatalysis.
Therefore, looking into the band edge alignment of any
photocatalyst, we should be able to predict what kind of doping
is going to be crucial for their higher photocatalytic activities.
Sometimes, the band edge alignment of the pure system shows
conduction band edge is close to the hydrogen reduction
potential where as valence band edge is far from the water
oxidation potential. So, in such cases, we should push the
valence band edge upward not the conduction band edge
downward. As the valence band edge is mainly composed of
Figure 6. Orbital distribution of (a) the valence band maximum and (b) the conduction band minimum for the (N,N) codoped La2Ti2O7 and (c)
the valence band maximum and (d) the conduction band minimum for (P,P) codoped La2Ti2O7.
Figure 7. Calculated total and partial DOS of La2Ti2O7 with
heterogeneous codoping of (a) (N−P) and (b) (C−S). The vertical
dash line indicates the Fermi level.
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anionic elements where as conduction band edge is mainly
composed of cationic elements, therefore in such material
anionic mono- or codoping will be very helpful for their further
improvement. Therefore, we believe we can guide the
experimentalist by looking at the band edge position that
what kind of doping is going to be crucial for any photocatalyst.
As we know when we dope anionic elements with higher p-
orbital energy, then there is a shifting of valence band edge
upward. Similarly the cationic band position can be tuned based
on the metal’s d-orbital energy. We believe our such studies will
not only give an idea about a particular metal’s role in a
photocatalysts but also will give an idea about how the metals
down the group or across the row (in the periodic table) can
behave in a photocatalysts. Therefore such studies going to be
very crucial and helpful for the understanding of the different
metal’s role in the photocatalysis studies.
3.4. Defect Formation Energy for Doped La2Ti2O7. In
order to search for the proper growth conditions, we have
calculated the defect formation energy of the doping La2Ti2O7
systems. The defect formation energy ΔHf(D) of a defect of α
atom can be defined as a function of the chemical potentials
and the numbers of host and impurity atoms2,39
∑ μΔ = − + + −
α
α αH D E D E H q E E n( ) ( ) ( ) ( )f T T F V
elem
(3)
Here ET(D) and ET(H), are the total energies of the systems
with and without defects, respectively. Ev represents the energy
of the VBM of the primitive supercell whereas Ef is the Fermi
energy. Moreover, all the defect formation has been considered
in neutral charge state therefore q = 0. nα is the number of
atoms that have been added or removed. Here nα = 1 or −1 if
an atom is added or removed respectively. μα
element is the
chemical potential of the atom. In case of La2Ti2O7, The
chemical potential of the elements La, Ti and O cannot exceed
those of the bulk μLa
bulk, μTi
bulk, and gaseous μO
gas, respectively.
Thus, μLa
element ≤ μLabulk, μTielement ≤ μTibulk, and μOelemlent ≤ μOgas. When
La2Ti2O7 is in equilibrium with reservoirs of La, Ti, and O, the
sum of the chemical potentials of La, Ti, and O atoms must be
equal to that of the bulk La2Ti2O7, i.e., 2μLa + 2μTi + 7μo =
μLa2Ti2O7(bulk). The heat of formation of La2Ti2O7 is Δ =
μLa2Ti2O7(bulk) − 2μLa(bulk) − 2μTi(bulk) − 7μo(gas). As the Δ value is
negative for stable materials, therefore ΔμLa, ΔμTi, and Δμo
must satisfy
μ μ μΔ + ≤ ≤2 2 2La(bulk) La La(bulk) (3a)
μ μ μΔ + ≤ ≤2 2 2Ti(bulk) Ti Ti(bulk) (3b)
μ μ μΔ + ≤ ≤7 7 7o(gas) o o(gas) (3c)
In case of the host elements, μLa and μTi are calculated form
the pure bulk metals of La and Ti, while μo(gas) =
1/2μo2 is
calculated with one O2 molecule centered in a 20 × 20 × 20 Å
3
cubic box. For dopants, we consider the graphite, nitrogen gas,
phosphorus, and sulfur as the C, N, P, and S reservoirs,
respectively.
Figure 9 shows the calculated formation energy for the
doping systems. The positive value of the formation energy
increases with the chemical potential of the host atom because
the vacancies are difficult to form under the host-rich condition.
Figure 9 shows, the N monodoping is more favorable than the
other monodoping which might be due to their similar atomic
sizes. While, for the codoping system, (P−P) codoping is more
energetically favorable than the other codoping. Moreover, at
the O-poor condition, the P−P codoping is most favorable
which could be due to the strong coupling between the P
dopants. Therefore, the synthesis of N, S, P, and C doped
La2Ti2O7 is very much possible in the O-poor condition where
as synthesis of P−P, N−P, N−S, and N−C codoped La2Ti2O7
is only possible under the O-poor to poorer conditions.
3.5. Absorption Curves. We have plotted the optical
absorption spectrum (Figure 10) of P−P, N−P, and C−S
codoped La2Ti2O7 systems. This is because their band position
alignment is good enough for the visible light photocatalysis
(Figure 4). The optical spectra (Figure 10) of (P−P) show a
peak at around 350 nm while the (N−P) and (C−S) show the
absorption peak in the visible light region. Therefore, we show
these codoped systems can harvest a longer wavelength of the
visible light spectrum as compared to the pristine La2Ti2O7 for
the visible light photocatalysis.
4. CONCLUSIONS
In conclusion, we have examined the effect of anionic
monodoping (N, S, P, and C) and codoping on the geometrical
Figure 8. Orbital distribution of (a) the valence band maximum and
(b) the conduction band minimum for the (N,P) codoped La2Ti2O7
and (c) the valence band maximum and (d) the conduction band
minimum for (C,S) codoped La2Ti2O7.
Figure 9. Calculated defect formation energy of monodoped and
codoped La2Ti2O7 as a function of oxygen chemical potential (μo).
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and electronic structure of La2Ti2O7 using hybrid functional
(HSE06) calculations. For monodoping systems, the band gap
reduction can be achieved by an anionic dopant, which has
higher p orbital energy than the O atom. However, the band
alignment study shows that monodoping is not suitable for the
hydrogen evolution reaction. Our codoping (N−N, P−P, N−P,
and C−S) study on La2Ti2O7 systems show that the anionic−
anionic mediated dopant−dopant (C−S, P−P, and N−P)
coupling can reduce the band gap more effectively than their
respective monodoped systems. Such doping not only reduces
the band gap but also removes the unwanted impurity states
that appear on the monodoping. Moreover, their band position
is very good for the visible light photocatalysis. Our calculated
optical absorption study also shows that such codoped (C−S,
P−P, and N−P) La2Ti2O7 can harvest the boarder spectrum
(visible) of solar light. The calculated binding energy indicates
that the codoped systems are more stable than their respective
monodoped systems.
We believe our results will guide the experimentalist to study
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